Introduction
============

Soybean products, such as soybean milk, miso, and tofu, are popular foods in Asian countries and worldwide. A number of epidemiological studies have indicated that soybean products are effective in preventing the progression of diseases, including diabetes,[@b1-ijn-11-1615] menopause syndrome,[@b2-ijn-11-1615] cardiovascular disease,[@b3-ijn-11-1615] cancer,[@b4-ijn-11-1615] and viral infections.[@b5-ijn-11-1615] The main active compounds in soybean products are daidzein and genistein, which are generally recognized as phytoestrogens.[@b6-ijn-11-1615] Previous studies have also demonstrated that these isoflavones possess many pharmacological activities such as anticancer,[@b7-ijn-11-1615] antioxidant,[@b8-ijn-11-1615] anti-inflammation,[@b9-ijn-11-1615] and photoprotective effects.[@b10-ijn-11-1615] 7,3′,4′-Trihydroxyisoflavone (734THIF; [Figure 1](#f1-ijn-11-1615){ref-type="fig"}) is a secondary metabolite of genistein,[@b11-ijn-11-1615] and has been recently found to possess antioxidant,[@b12-ijn-11-1615] melanin inhibition,[@b13-ijn-11-1615] and skin cancer chemopreventive activities.[@b14-ijn-11-1615] It is well known that the poor water solubility of genistein hinders its absorption and skin penetration and, therefore, limits its pharmacological effects when applied topically to the skin.[@b15-ijn-11-1615],[@b16-ijn-11-1615] Similarly, 734THIF has a similar chemical backbone structure with poor water solubility, which limits its application in medicine and the cosmeceutical and food industry.

Over the past decade, drug delivery systems, including liposomes,[@b17-ijn-11-1615] nanoparticles,[@b18-ijn-11-1615] microemulsions,[@b19-ijn-11-1615] and cyclodextrin inclusion complexes, have been used to overcome the poor water solubility and enhance the skin penetration and biological activity of the active ingredients.[@b20-ijn-11-1615] Polymeric nanoparticle preparation is a form of nanoparticle engineering, which effectively decreases particle size and increases the surface area, thereby enhancing the solubility and penetration of active ingredients into deeper skin layers.[@b21-ijn-11-1615] Previous studies have also demonstrated that eudragit acid-responsive polymer series are promising nanocarriers for efficient active ingredients delivery and may improve the clinical use of agents such as adapalene,[@b22-ijn-11-1615] heparin,[@b23-ijn-11-1615] and naproxen.[@b24-ijn-11-1615] However, the improvements of solubility, skin penetration, and cell safety of 734THIF nanoparticle preparation have not yet been investigated.

The purpose of this study was to use the nanoprecipitation method to prepare optimal eudragit E100 (EE)--polyvinyl alcohol (PVA)-loaded 734THIF nanoparticles (734N) to improve its physicochemical properties and thereby increase its water solubility, skin penetration, and biological activities. This 734N delivery system was characterized by its particle size, morphology, encapsulation efficiency, drug loading efficiency, and water solubility. Moreover, the cell safety, in vitro skin penetration, and antioxidant activity of 734N were determined and compared with that of the raw 734THIF suspension.

Materials and methods
=====================

Materials
---------

734THIF was obtained from Prof Chih-Hua Tseng (School of Pharmacy, College of Pharmacy, Kaohsiung Medical University, Kaohsiung, Taiwan). EE was a kind gift from Röhm Pharma (Darmstadt, Germany). PVA, 2,2-diphenyl-1-picrylhydrazyl (DPPH), and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich Chemicals Co. (St Louis, MO, USA). Dulbecco's Modified Eagle's Medium (DMEM), penicillin G, streptomycin, and amphotericin B were purchased from GIBCO BRL (Gaithersburg, MD, USA). HaCaT keratinocyte cell line was kindly provided by Professor Jeff Yi-Fu Chen (Department of Biotechnology, Kaohsiung Medical University, Kaohsiung, Taiwan). All other chemicals were of reagent grade, and all solvents were of high-performance liquid chromatography (HPLC) grade. Kaohsiung Medical University does not require institutional ethical approval for use of human cell lines.

Preparation of EE--PVA-loaded 734THIF nanoparticles (734N) and blank EE--PVA nanoparticles (blank-N)
----------------------------------------------------------------------------------------------------

This study used EE and PVA nanocarriers to encapsulate 734THIF by using the nanoprecipitation method.[@b25-ijn-11-1615] As listed in [Table 1](#t1-ijn-11-1615){ref-type="table"}, the organic phase consisted of various ratios of EE with 20 mg of 734THIF in 10 mL of ethanol, which was quickly injected into 40 mL of aqueous phase containing various ratios of PVA. During the injection process, the mixed solution was homogenized at 22,000 rpm for 5 minutes. Subsequently, ethanol in the mixed solution was immediately removed using a rotary vacuum evaporation system at 40°C. The remaining solution was filtered with filter paper (Advantec No 1, Toyo Roshi Kaisha, Tokyo, Japan) to obtain a stable nanoparticle delivery system (734N and blank-N). The 734N and blank-N were lyophilized with a freeze-dryer for 24 hours, and then the lyophilized powders were placed in a moisture-proof container until further experiments. All the nanoparticle preparations were performed in triplicate.

Morphology and particle size analysis
-------------------------------------

The mean particle size of 734N was determined using a Zetasizer 3000 HS analyzer (Malvern Instruments, Malvern, UK). The 734N solution was diluted tenfold with distilled water and placed in a cuvette for particle analysis. The experiments were performed in triplicate. In addition, the morphology of 734N was observed by transmission electron microscopy (TEM) analysis (JEM-2000EXII instrument, JEOL Co., Tokyo, Japan). 734N was diluted 50-fold in pure water, placed onto a carbon-coated copper grid, and immediately stained with 0.5% (w/v) phosphotungstic acid. The sample was stored in a moisture-proof container until analysis. In addition, the shape and surface characteristics of lyophilized powder of 734THIF and 734N were observed using a scanning electron microscope (SEM; Hitachi S4700, Hitachi, Tokyo, Japan). Each sample was sputter-coated with gold--palladium under an argon atmosphere using a gold sputter module in a high-vacuum evaporator and then immediately determined using SEM set at 15 kV.

HPLC analysis of 734THIF
------------------------

The HPLC analysis system (LaChrom Elite L-2000, Hitachi) consisted of an L-2130 pump, L-2200 autosampler, and L-2420 ultraviolet--visible (UV--vis) detector. The analysis was carried out using the Mightysil RP-18 GP column (250 × 4.6 mm id, 5 μm). The mobile phase consisted of acetonitrile and 10 mM KH~2~PO~4~ (35:65, v/v). The pH value was adjusted to 2.8 using phosphoric acid. The flow rate was set at 1.0 mL/min. The wavelength of the UV detector was set at 262 nm. The chromatogram of 734THIF is shown in [Figure 2](#f2-ijn-11-1615){ref-type="fig"}, showing that the retention time for 734THIF appeared at 4.8 minutes. The 734THIF concentration of all nanoparticle samples was determined using a linear calibration curve (*r*=0.999) of 734THIF within the range of 0.01--50 μg/mL.

Drug loading and encapsulation efficiency of 734N
-------------------------------------------------

The drug loading and encapsulation efficiencies are important indexes for evaluating a successful pharmaceutical formulation. For drug loading determination, 50 μL of each sample was added into 950 μL of methanol, and the 734THIF concentration was immediately measured by the aforementioned HPLC method. For the determination of encapsulation efficiency, 200 μL of the sample was aspirated and added into centrifugal filter devices (Microcon YM-10, Millipore, Billerica, MA, USA) and then centrifuged at 10,000 rpm for 10 minutes. The encapsulated part was retained in the upper tube, while the unencapsulated part was collected from the lower tube. The amount of unencapsulated 734THIF was detected by the aforementioned HPLC method. The drug loading and encapsulation efficiencies of 734N could be calculated by following equations: $$\text{Drug~loading}(\%) = \frac{C_{734\text{THIF}} \times V_{734N}}{W_{734\text{THIF}}} \times 100\%$$ $$\text{Encapsulation~efficiency}(\%) = \frac{C_{734\text{THIF}}V_{734N} - C_{\text{unentrapped}}V_{734N}}{C_{734\text{THIF}}V_{734N}} \times 100\%,$$where C~734THIF~ is the concentration of 734THIF from 734N, W~734THIF~ is the theoretical amount of 734THIF added, V~734N~ is the volume of 734N, and C~unentrapped~ is the concentration of unencapsulated 734THIF.

In vitro solubility of 734THIF and 734N
---------------------------------------

In vitro solubility studies of 734THIF and its nanoparticle system were carried out in pH 3.5, pH 5.5, and pH 7.4 of 0.2 M KH~2~PO~4~ buffer solutions. One milligram of 734THIF and 734N were respectively added into 1 mL of various buffer solutions, and then agitated with a shaker at 5, 10, 30, 60, and 120 minutes. Subsequently, all samples were filtered with a 0.45 μm syringe filter. The concentration of 734THIF from each time point was determined by HPLC analysis.

Determination of hydrogen-bond formation of 734THIF and 734N
------------------------------------------------------------

The spectra of ^1^H-nuclear magnetic resonance (^1^H-NMR) analyses were used to evaluate hydrogen-bond formation between 734THIF and EE--PVA polymer. A Varian Mercury Plus 400 Actively Shielded NMR System (Oxford Instrument Co., Oxfordshire, UK) was used to record the ^1^H-NMR spectra of raw 734THIF, 734N, and blank-N. Briefly, 2 mg of each sample was dissolved in 0.8 mL of DMSO-d~6~ and then placed into the NMR system to obtain the ^1^H-NMR spectra. In addition, Fourier transform infrared (FTIR) spectra were determined using a Perkin-Elmer 2000 spectrophotometer (Perkin-Elmer, Norwalk, CT, USA). Each sample was mixed with potassium bromide (KBr) evenly by a mortar and compressed into a thin tablet for analysis. The scanning range was set at 400--4,000 cm^−1^.

Determination of crystalline-to-amorphous transformation of 734THIF and 734N
----------------------------------------------------------------------------

The crystalline form of 734THIF, 734N, and blank-N was determined by powder X-ray diffractometry (XRD) analysis using a Siemens D5000 instrument (Siemens, Munich, Germany) with Cu--Kα radiation at 40 kV and 80 mA. The scanning angle (2θ) was set from 2° to 50°, with the scanning rate at 1°/min. In addition, we also used differential scanning calorimetry (DSC) to confirm the crystalline-to-amorphous transformation of each sample. In brief, approximately 3 mg of 734THIF, 734N, and blank-N were placed into separate aluminum pans and then put into the differential thermal analyzer (Perkin-Elmer). The temperature for scanning was set at 200°C, the scanning rate was 10°C/min, and the final temperature was 320°C.

In vitro skin penetration of 734THIF and 734N
---------------------------------------------

This experiment was performed using the European Cosmetic Toiletry and Perfumery Association (COLIPA) guideline standard protocol.[@b26-ijn-11-1615] In brief, fresh pig skin from the flank region was obtained from a local butcher and cut into appropriate sizes and mounted carefully on Franz diffusion cells. The stratum corneum faced the donor chamber and the dermis side was placed on the receptor chamber. The receptor fluid (containing 0.14 M NaCl, 2 mM K~2~HPO~4~, 0.4 mM KH~2~PO~4~, 10% Penicillin, pH 7.4) was added into the receptor chamber. The Franz diffusion cells were maintained at 32°C and stirred at 600 rpm throughout the experiment. At the start, 200 μL of each sample (n=5) was topically applied onto the donor side at different time points (1, 2, 4, and 8 hours). After termination of the experiment, the residual test sample was removed from the skin by aspiration, and the stratum corneum of each sample was obtained by 15 times of tape-stripping. The epidermis and dermis layers were cut into small pieces, and then all samples were immersed in 2 mL of methanol and placed in a sonicated water bath for 1 hour to extract 734THIF from the skin. The content of 734THIF in each sample was determined by HPLC method.

Cell safety assay of 734N
-------------------------

HaCaT keratinocytes were cultured in DMEM medium (GIBCO) containing 10% fetal bovine serum (Hazelton Product, Denver, PA, USA) and 1% penicillin--streptomycin at 37°C in 5% CO~2~. When the cultures reached confluence, cells were treated with 0.05% (w/v) trypsin/0.53 mM ethylenediaminetetraacetic acid (EDTA) for 5 minutes at 37°C. The cell toxicity and changes from normal morphology were evaluated using the "Qualitative morphological grading of cytotoxicity of extracts" from ISO 10993-Part 5. In brief, 1×10^4^ HaCaT keratinocytes in 100 μL of culture medium were seeded in 96-well plates and allowed to adhere for 24 hours. After incubation, the cell culture medium was removed and cells were treated with different concentrations of each sample in treatment medium. After 24 hours of treatment, 150 μL of MTT solution was added to each well and then incubated for 4 hours at 37°C. After incubation, the absorbance of the plate was measured at 550 nm using a microplate spectrophotometer (BioTek μQuant, Winooski, VT, USA). Each experiment was performed three times, and cell viability was calculated by the following formula: $$\text{Call~viability}(\%) = \frac{\text{OD}_{550}\text{of~test~sample}}{\text{OD}_{550}\text{of~blank}} \times 100\%$$

DPPH scavenging activity
------------------------

The DPPH scavenging ability was evaluated according to a modified method from Yen et al.[@b27-ijn-11-1615] 734THIF was dissolved in DMSO (734D) and distilled water (734H) at different concentrations, and 734N was also prepared at multiple concentrations. Subsequently, 100 μL of 200 μM DPPH was mixed with 100 μL of each sample and incubated in a dark room for 30 minutes. The absorbance of the reaction solution was determined using a microplate spectrophotometer (μQuant, Biotek Instruments) at 517 nm. The DPPH scavenging ability was evaluated using the following equation: Scavenging effect (%) = \[(control − sample)/control\] ×100%. The concentration of each sample reaching 50% of scavenging activity (SC~50~) was used to compare the antioxidant ability of each sample.

Statistical analysis
--------------------

All data were expressed as mean ± standard deviation. Statistical analysis was performed with one-way analysis of variance test using SPSS 13.0 software (SPSS Inc., Chicago, IL, USA). *P*-value \<0.05 was considered to be statistically significant.

Results and discussion
======================

This is the first study to successfully prepare an optimal EE--PVA polymer-loaded 734THIF nanoparticle system (734N) using the nanoprecipitation method. Our results demonstrated that an optimal nanoparticle delivery formulation can improve the physicochemical properties of raw 734THIF, including particle size nanonization, good encapsulation efficiency, hydrogen-bond formation, and amorphous transformation. This resulted in an enhancement of water solubility, cellular uptake, and in vitro skin penetration. In addition, 734THIF is a good antioxidant, but its activity is decayed by light and heat. Our data indicated that 734N maintained the free radical scavenging effect, thus showing that nanoprecipitation is a suitable nanoparticle engineering process for 734THIF.

Optimal nanoparticle delivery formulation of 734THIF
----------------------------------------------------

It is well known that nanoparticle preparation is a good method to improve the physicochemical properties of active hydrophobic compounds such as quercetin,[@b28-ijn-11-1615] genistein,[@b29-ijn-11-1615] and curcumin.[@b30-ijn-11-1615] As listed in [Table 1](#t1-ijn-11-1615){ref-type="table"}, this study used different ratios of raw 734THIF, EE, and PVA to prepare an optimal 734N formulation. As shown in [Table 2](#t2-ijn-11-1615){ref-type="table"} and [Figure 3A--D](#f3-ijn-11-1615){ref-type="fig"}, raw 734THIF had size in the micrometer range (4,849.33±256.86 nm) and a polydispersity index (PI) higher than 1, which indicated that the particle size of 734THIF had a broad distribution. The lower ratio formulation of 734THIF:EE:PVA, 1:2:2 and 1:4:4, had size in the nanometer range (167.20±24.87, 106.73±3.21 nm, respectively), but PI was found to be \~0.8, which indicated that the particle size of the sample still had a broad distribution. When the polymer ratio increased (734THIF:EE:PVA, 1:8:8), the particle size and PI value of 734N were 57.53±2.49 nm and 0.45, respectively. These results indicated that the mean particle size and narrow size distribution of 734N are dependent on the ratio of EE and PVA. In addition, this study also observed the morphology of 734N, and the TEM images indicated that 734N displayed a smaller nanocapsule structure and more uniform size distribution, with particle sizes \<100 nm ([Figure 3E](#f3-ijn-11-1615){ref-type="fig"}). A possible explanation is that a high ratio of EE and PVA could reduce their particle size and size distribution, resulting in sufficient stabilization of the 734N nanoparticles system.

Previously, Mora-Huertas et al[@b31-ijn-11-1615] indicated that the drug loading and encapsulation efficiencies are the major factors affecting the success of nanoparticle formulations on drug absorption and release. Our data indicated that the lower ratio formulation of 734THIF:EE:PVA (1:2:2 and 1:4:4) had 734THIF drug loading efficiency of \<60% (51.57% and 57.23%, respectively), while the higher ratio formulation (1:8:8) had 734THIF drug loading efficiency of 83.45%. In addition, the encapsulation efficiency of 734THIF was dependent on the ratio of EE and PVA, and the higher ratio 734N system (734THIF:EE:PVA at 1:8:8) showed encapsulation efficiency \>98% ([Table 2](#t2-ijn-11-1615){ref-type="table"}). The possible reason is that the nanoprecipitation method used two phases for preparing the nanoparticle system, namely, the organic and aqueous phases. The higher ratio of EE allowed 734THIF to be preferentially dispersed in the organic phase, which was then added into the PVA aqueous phase to form a stable EE--PVA--734THIF system. Previous studies have also demonstrated that PVA is an effective emulsion stabilizer used to stabilize nanoparticle systems.[@b32-ijn-11-1615],[@b33-ijn-11-1615] The hydrophilic and hydrophobic portion of PVA can interpenetrate into EE--734THIF during the nanoprecipitation process and remain trapped in the polymeric matrix of the nanoparticles, resulting in a stable nanoparticle delivery system, thus enhancing the encapsulation efficiencies of 734THIF. Consequently, 734N system (734THIF:EE:PVA at 1:8:8) is the optimal nanoparticle formulation.

The correlation between physicochemical properties and optimal 734N formulation
-------------------------------------------------------------------------------

On the basis of our knowledge, the improvement of physicochemical properties, including reduction of particle size, amorphous transformations, and intermolecular hydrogen-bond formation, can effectively increase the drug loading and encapsulation efficiencies of active ingredients and further enhance their drug absorption, penetration, and release.[@b34-ijn-11-1615] DSC and XRD are usually used to elucidate the crystal-to-amorphous transformations for nanoparticle systems, such as curcumin[@b27-ijn-11-1615] and genistein,[@b29-ijn-11-1615] and were therefore applied in this study. Powder XRD patterns of 734THIF, 734N, and blank-N are shown in [Figure 4A](#f4-ijn-11-1615){ref-type="fig"}. The characteristic peaks of raw 734THIF appeared at diffraction angles of 9.1°, 23.6°, 27.9°, and 36.7°, which indicate a highly crystalline structure. On the other hand, blank-N did not show any obvious peak, and all of the characteristic peaks disappeared in the XRD pattern of 734N, indicating that the crystal structure of 734THIF had indeed transformed into an amorphous state in 734N. In addition, [Figure 4B](#f4-ijn-11-1615){ref-type="fig"} shows the DSC thermograms of raw 734THIF, 734N, and blank-N. An obvious endothermic melting peak for raw 734THIF was observed at 293.3°C, which also indicated the crystalline form of raw 734THIF. Blank-N exhibited no endothermic melting peak. After the nanoprecipitation process, the endothermic peak of raw 734THIF completely disappeared. According to these findings, we suggest that following nanoprecipitation, the raw 734THIF was dispersed throughout the EE--PVA polymers and then encapsulated within the matrix by forming a high-energy amorphous complex with intermolecular interactions. Some studies have also demonstrated that EE--PVA effectively changed the crystalline structure of hydrophobic compounds such as quercetin,[@b28-ijn-11-1615] kaempferol,[@b35-ijn-11-1615] and silybinin.[@b36-ijn-11-1615]

In addition, we further investigated the intermolecular interactions of EE--PVA polymer with 734THIF using FTIR spectrometry and ^1^H-NMR spectroscopy. FTIR spectra of raw 734THIF, 734N, and blank-N are shown in [Figure 5A](#f5-ijn-11-1615){ref-type="fig"}. The FTIR spectra of 734THIF demonstrated several characteristic peaks, including a broad band at 3,420--3,100 cm^−1^, corresponding to the phenolic--OH group, aromatic C=C stretching band in the range of 1,600--1,400 cm^−1^, carbonyl group (C=O) stretching vibration at 1,625 cm^−1^, and C--O--H stretching band at 1,288 cm^−1^. On the other hand, the FTIR spectra of 734N and blank-N demonstrated a C=O ester stretch peak at 1,729 and 1,735 cm^−1^ and polymer CH stretch at 2,947 cm^−1^, respectively. In the FTIR spectra of 734N, phenolic--OH stretch of 734THIF became a broader band and entirely disappeared at 3,391 cm^−1^. This implies hydrogen bonding of the hydroxyl groups of 734THIF with the EE--PVA polymer. Furthermore, the ^1^H-NMR spectrum of 734THIF indicated that the resonance peaks for aromatic protons and phenolic protons were found in the regions of δ6.7--8.3 and δ8.9--10.8, respectively. After nanoprecipitation process, the clear signal of phenolic protons on 734THIF, δ10.798 (C7--OH), δ9.029 (C4′--OH), and δ8.981 (C3′--OH) disappeared in the ^1^H-NMR spectrum of 734N ([Figure 5B](#f5-ijn-11-1615){ref-type="fig"}). These results indicated that the phenolic--OH on A and B rings of 734THIF effectively formed an intermolecular hydrogen bond with EE--PVA polymer. The occurrence of intermolecular hydrogen bonding probably contributes to better water solubility of 734N, and similar results had been found in quercetin[@b28-ijn-11-1615] and kaempferol.[@b35-ijn-11-1615] Therefore, EE--PVA functions as a suitable polymer to encapsulate 734THIF to form a stable nanoparticle system during the nanoprecipitation process.

Optimal 734N exhibited increased water solubility and skin penetration without cell toxicity
--------------------------------------------------------------------------------------------

Since most of the active ingredients do not have the ability to penetrate the natural skin barrier (stratum corneum), skin penetration enhancers have been developed to enhance their water solubility and skin penetration to help deliver them into the deeper skin layers. According to the Generally Recognized as Safe guidelines of the US Food and Drug Administration, the ideal skin penetration enhancer should possess several advantages, including having reversible action on skin and being pharmacologically inert, nontoxic, nonirritating, and nonallergenic.[@b37-ijn-11-1615] Polymers are one of the commonly used potential enhancers (eg, eudragit, chitosan, and PVA), and polymer-based nanoparticles can enhance the water solubility and skin penetration of active ingredients in medicine and cosmetic industries.[@b31-ijn-11-1615] This the first study to use EE--PVA as a skin penetration enhancer to prepare polymer-based nanoparticles of 734THIF, and we further determined its cell safety using in vitro cytotoxicity assay. The cell viability of 734N using MTT assay is shown in [Figure 6A](#f6-ijn-11-1615){ref-type="fig"}, showing that different concentrations of 734N did not exhibit any obvious cell toxicity when compared with 1% DMSO treatment in HaCaT keratinocytes. The cell morphologies following 734N treatment did not display cytotoxic features such as changes in general morphology, vacuolization, detachment, cell lysis, and membrane integrity (data not shown). These results indicated that EE--PVA-loaded 734THIF did not exhibit in vitro cytotoxicity, and therefore 734N is a safe polymer-based nanoparticle formulation.

Furthermore, Lane[@b38-ijn-11-1615] indicated that the drug solubility in the skin penetration enhancer has an important effect on ultimate drug concentration in the skin in vivo, and defined this finding as "Diffusion-Partition-Solubility theory". The photographs of 734N in solutions with different pH values are shown in [Figure 6B](#f6-ijn-11-1615){ref-type="fig"}. 734N redispersed in pH 3.5 and pH 5.5 buffer solutions present as clear solutions. However, a suspension was seen when 734N was redispersed in pH 7.4 buffer solution. This study is the first to report the water solubility of 734THIF in different pH values of phosphate buffer solution at various times. The 734THIF water solubility in pH 3.5 (lower accepted value in cosmetic) and pH 5.5 (suitable value in skin) after 120 minutes of agitation was \<20 μg/mL, and in pH 7.4 (suitable value in blood) was \~40 μg/mL ([Figure 6C](#f6-ijn-11-1615){ref-type="fig"}). In contrast, the water solubility of 734N in pH 3.5, pH 5.5, and pH 7.4 after 120 minutes of agitation was 778, 753, and 73 μg/mL, respectively ([Figure 6D](#f6-ijn-11-1615){ref-type="fig"}). These results indicated that the EE--PVA polymer system effectively encapsulated 734THIF into a nanoparticle system and also overcame the poor water solubility of 734THIF. The possible reason for water solubility improvement is that the EE, an acid-responsive polymer with ionization of amino groups, quickly solubilized in the lower pH water solutions (pH 3.5 and pH 5.5) and exhibited a fast drug release due to the stability of the 734THIF nanoparticle solution. However, the higher pH solution (pH 7.4) did not allow 734N to disperse as a nanoparticle solution and resulted in poor water solubility, as seen in [Figure 6D](#f6-ijn-11-1615){ref-type="fig"}.

In addition, we also used SEM to observe the morphology of raw 734THIF and 734N to elucidate their surface characteristics ([Figure 7](#f7-ijn-11-1615){ref-type="fig"}). Irregular powder ranging in size from 10 to 30 μm was found in raw 734THIF, while 734N was characterized by an obvious regular rectangular slice form. These results indicated that 734N had higher surface area than raw 734THIF and might exhibit good water solubility.

Moreover, we further performed in vitro skin penetration assay to compare the skin penetration of raw 734THIF and 734N at various times. The contents of 734THIF delivered from raw 734THIF and 734N to different skin layers are shown in [Figure 8](#f8-ijn-11-1615){ref-type="fig"}. When raw 734THIF solution was topically administered, the content of 734THIF retained in all skin layers was similar and not \>7 μg/cm^2^ at 1--8 hours, which indicated that raw 734THIF solution did not penetrate the skin in a time-dependent manner. Conversely, the content of 734THIF in 734N formulation that penetrated through all skin layers increased with time and was higher than raw 734THIF. When 734N was topically administered, a stable content of 734THIF was retained in the stratum corneum at various times and was 4.71-fold higher than raw 734THIF solution. In addition, 734N administration showed a significant enhancement in 734THIF penetration into the epidermal layer (from 13.81±2.22 to 19.54±3.37 μg/cm^2^) and dermal layer (from 5.14±1.10 to 14.98±2.87 μg/cm^2^). In other words, the total retained content of 734THIF from 734N penetrating through the epidermal and dermal layers was \>5.05 times higher than raw 734THIF solution at 8 hours. According to these results, 734N had better hydration effect within the stratum corneum than raw 734THIF, and it also rapidly penetrated into the epidermis and dermis when compared to raw 734THIF.

Previously, Alvarez-Román et al[@b39-ijn-11-1615] indicated that nanoparticles between 20 and 200 nm in size could accumulate in skin "furrows" and possess more opportunities for tight contact with the skin, resulting in more active ingredients being able to penetrate the stratum corneum and deeper skin layers. Our data demonstrated that EE--PVA polymer effectively nanonized the particle size of 734THIF (57.53±2.49 nm), helped in quick penetration of the stratum corneum, and allowed higher 734THIF content to be retained in epidermal and dermal layers. Furthermore, previous studies reported that topical nanoparticle delivery formulation could reduce the particle size of the active ingredient and increase its particle number to form a dense film, which results in an occlusion effect with increased skin hydration, and enhance the skin penetration of the active ingredient.[@b40-ijn-11-1615]--[@b42-ijn-11-1615] EE--PVA polymer has a plastic film property that can effectively encapsulate the 734THIF into a film-like nanoparticle formulation, leading to an occlusion effect on the skin surface, improvement in stratum corneum hydration, and enhanced penetration of 734THIF when compared to raw 734THIF solution. Collectively, we suggest that EE--PVA-loaded 734THIF nanoparticles can increase the water solubility of raw 734THIF and then enhance its skin penetration ability through improvement in physicochemical properties.

Determination of 734N free radical scavenging effect
----------------------------------------------------

734THIF, one of the secondary metabolites of daidzein and genistein, has a similar chemical structure to isoflavone in soybean food and possesses many pharmacological activities, including melanin inhibition, photoprotection, and antioxidant activity. Rostagno et al[@b43-ijn-11-1615] reported that the stability of isoflavones is influenced by several factors, including processing temperature, duration of heating, photosensitization under light exposure, pH, and the presence of microorganisms. Our study used a nanoprecipitation method to prepare 734N formulation using high-speed homogenization, and these processes easily generated higher processing temperatures and exposure to light. These conditions may lead to degradation of isoflavone and influence its pharmacological activities. Because of these factors, we performed the DPPH free radical scavenging assay to validate the antioxidant activities of 734N. [Figure 9](#f9-ijn-11-1615){ref-type="fig"} shows that 734THIF in DMSO and 734N in water were effective in scavenging DPPH free radicals in a dose-dependent manner. The SC~50~ value (concentration of sample required to scavenge 50% of DPPH free radicals) of 734THIF in DMSO and 734N in water was 12.09±1.65 and 14.77±0.58 μg/mL, respectively, and there was no statistically significant difference between them ([Table 3](#t3-ijn-11-1615){ref-type="table"}). However, 734THIF in water at the same concentrations did not exhibit obvious DPPH free radical scavenging effect. These results demonstrated that the nanoprecipitation process did not affect the DPPH free radical scavenging ability of 734THIF.

Conclusion
==========

This study demonstrated that EE--PVA polymer-loaded 734THIF effectively increased the poor water solubility and led to better skin penetration than raw 734THIF solution by improving the physicochemical properties of 734THIF, including particle size reduction, amorphous transformation, and intermolecular hydrogen-bond formation with EE--PVA polymer. Furthermore, the 734THIF nanoparticle formulation showed better antioxidant activity than 734THIF solution, and it is also a safe formulation based on the results of the in vitro cytotoxicity study. Therefore, we suggest that EE--PVA polymer-loaded 734THIF could be a potential topical delivery formulation in pharmaceutical and cosmeceutical products for the management of various skin conditions.
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![The HPLC chromatogram of 734THIF.\
**Abbreviations:** HPLC, high-performance liquid chromatography; 734THIF, 7,3′,4′-trihydroxyisoflavone.](ijn-11-1615Fig2){#f2-ijn-11-1615}

![Particle size distribution and morphology of 734THIF nanoparticle formulations.\
**Notes:** Particle size distribution of (**A**) raw 734THIF, (**B**) 734THIF:EE:PVA (1:2:2), (**C**) 734THIF:EE:PVA (1:4:4), (**D**) 734THIF:EE:PVA (1:8:8). (**E**) Morphology of 734THIF:EE:PVA (1:8:8) by TEM.\
**Abbreviations:** 734THIF, 7,3′,4′-trihydroxyisoflavone; PVA, polyvinyl alcohol; EE, eudragit E100; TEM, transmission electron microscopy; 734N, 734THIF nanoparticles.](ijn-11-1615Fig3){#f3-ijn-11-1615}

![Crystalline-to-amorphous transformation of 734THIF nanoparticle formulation, as demonstrated by (**A**) powder XRD and (**B**) DSC.\
**Abbreviations:** 734THIF, 7,3′,4′-trihydroxyisoflavone; XRD, X-ray diffractometry; DSC, differential scanning calorimetry.](ijn-11-1615Fig4){#f4-ijn-11-1615}

![Intermolecular hydrogen-bond formation between EE--PVA polymer and 734THIF, as demonstrated by (**A**) FTIR and (**B**) ^1^H-NMR spectra.\
**Abbreviations:** 734THIF, 7,3′,4′-trihydroxyisoflavone; EE, eudragit E100; PVA, polyvinyl alcohol; FTIR, Fourier transform infrared; ^1^H-NMR, ^1^H-nuclear magnetic resonance; ppm, parts per million.](ijn-11-1615Fig5){#f5-ijn-11-1615}

![(**A**) The cell viability of 734THIF nanoparticle formulation. (**B**) Photographs of 734N dispersed in various pH buffer solutions. The solubility of 734THIF (**C**) and 734N (**D**) in 0.2 M KH~2~PO~4~ buffer solution at various pH.\
**Note:** \**P*\<0.05 was statistically significant difference compared with 734THIF.\
**Abbreviations:** 734THIF, 7,3′,4′-trihydroxyisoflavone; 734N, 734THIF nanoparticles.](ijn-11-1615Fig6){#f6-ijn-11-1615}

![The surface morphology of lyophilized powder 734THIF (**A**) and 734THIF nanoparticle formulation (**B**), as shown by SEM.\
**Abbreviations:** 734THIF, 7,3′,4′-trihydroxyisoflavone; SEM, scanning electron microscopy.](ijn-11-1615Fig7){#f7-ijn-11-1615}

![The contents of 734THIF delivered from raw 734THIF and 734N to different skin layers: stratum corneum (**A**), epidermis (**B**), and dermis (**C**).\
**Notes:** Values are mean ± SD (n=5). \**P*\<0.05: statistically significant difference compared with raw 734THIF.\
**Abbreviations:** 734THIF, 7,3′,4′-trihydroxyisoflavone; h, hours; SD, standard deviation; 734N, 734THIF nanoparticles.](ijn-11-1615Fig8){#f8-ijn-11-1615}

![The DPPH radical scavenging activity of raw 734THIF suspended in deionized water (734H) and DMSO (734D), and 734THIF nanoparticle formulation suspended in deionized water (734N).\
**Notes:** Values are mean ± SD (n=3). \**P*\<0.05: statistically significant difference compared with 734H.\
**Abbreviations:** DPPH, 2,2-diphenyl-1-picrylhydrazyl; 734THIF, 7,3′,4′-trihydroxy-isoflavone; DMSO, dimethyl sulfoxide; SD, standard deviation.](ijn-11-1615Fig9){#f9-ijn-11-1615}

###### 

Composition of 734THIF polymeric nanoparticle systems (734N) and blank EE--PVA nanoparticle (blank-N)

  Ratio     734THIF (mg)   EE100/alcohol (mg/mL)   PVA/H~2~O (mg/mL)
  --------- -------------- ----------------------- -------------------
  1:8:8     20             160/10                  160/40
  1:4:4     20             80/10                   80/40
  1:2:2     20             40/10                   40/40
  Blank-N   --             160/10                  160/40

**Abbreviations:** 734THIF, 7,3′,4′-trihydroxyisoflavone; EE, eudragit E100; PVA, polyvinyl alcohol.

###### 

The drug loading efficiency, encapsulation efficiency, particle size, and PI of 734THIF polymeric nanoparticle systems

  Ratio     Drug loading (%)   Encapsulation efficiency (%)   Particle size (nm)                                         PI
  --------- ------------------ ------------------------------ ---------------------------------------------------------- -------------------------------------------------------
  1:8:8     83.45±2.33         98.10±0.84                     57.53±2.49[\*](#tfn3-ijn-11-1615){ref-type="table-fn"}     0.45±0.01[\*](#tfn3-ijn-11-1615){ref-type="table-fn"}
  1:4:4     57.23±7.37         94.05±1.06                     106.73±3.21[\*](#tfn3-ijn-11-1615){ref-type="table-fn"}    0.80±0.11
  1:2:2     51.57±1.73         88.50±1.77                     167.20±24.87[\*](#tfn3-ijn-11-1615){ref-type="table-fn"}   0.83±0.12
  734THIF                                                     4,849.33±256.86                                            \>1.0

**Notes:** Values are mean ± SD (n=3).

*P*\<0.05: statistically significant difference compared with 734THIF.

**Abbreviations:** 734THIF, 7,3′,4′-trihydroxyisoflavone; PI, polydispersity index; SD, standard deviation.

###### 

The concentration of raw 734THIF and 734 nanoparticle formulation required to scavenge 50% of DPPH free radicals (SC~50~)

  Sample                           SC~50~ (μg/mL)
  -------------------------------- ----------------
  734THIF in H~2~O (734H)          NE
  734THIF in DMSO (734D)           12.09±1.65
  734THIF nanoparticles in H~2~O   14.77±0.58

**Notes:** Values are mean ± SD (n=3).

**Abbreviations:** 734THIF, 7,3′,4′-trihydroxyisoflavone; DPPH, 2,2-diphenyl-1-picrylhydrazyl; SC~50~, 50% of scavenging activity; DMSO, dimethyl sulfoxide; NE, no effect; SD, standard deviation.
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